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A new thermal ionization source for use with a quadrupole mass spectrometer has been
designed and characterized. The new source provides significant advantages over the
previously reported prototype source and traditional filament-type thermal ionization sources.
The operational interface between the source and the quadrupole mass spectrometer has been
redesigned. A vacuum interlock, a translational stage, and an adjustable insertion probe are
added to improve the source performance. With these modifications, the source is easier to
operate while maximizing sample throughput. In this work, the performance of the newly
developed source is examined. The ionization efficiencies are measured with a quadrupole
mass spectrometer. The efficiency values obtained with this system are comparable to those
obtained from a large scale isotope separator. The relationships among the ionization potential,
vapor pressure, and measured ionization efficiency results are discussed. The crucible lifetime
has been quantitatively estimated by measuring the crucible sputtering rate. Diagnostic studies
of the new source show that the crucible position is a crucial parameter for sensitivity and
performance. Stability tests demonstrate that the source can be run several weeks at a fixed
emission current without significant degradation. (J Am Soc Mass Spectrom 1999, 10,
1008–1015) © 1999 American Society for Mass Spectrometry
Thermal ionization mass spectrometry (TIMS) isone of the most powerful techniques for isotopicanalysis and isotope dilution measurements. It
has been extensively employed in geochemistry, envi-
ronmental chemistry, material science, and nuclear
studies. Traditionally, TIMS involves the use of a resis-
tively heated filament for sample evaporation and ion-
ization [1]. Single, double, and triple flat ribbon-type
filaments have been broadly employed for thermal
ionization [1, 2]. The pioneering work of Inghram [3],
which incorporates three filaments into a thermal ion-
ization source, demonstrates that multiple filaments
have obvious benefits over the single ones. This is
especially true in the analysis of elements with high
ionization potentials. In such cases, the vapor pressure
of the compound, containing the elements of interest,
reaches high values before suitable ionization temper-
atures can be achieved. The multiple filament source
circumvents this problem by placing the sample on one
or two filaments and leaving the third filament free for
ionization. In this way, it is possible to set the sample
evaporation rate and ionization temperature indepen-
dently. Alternative filament shapes or geometry have
been widely explored for TIMS [4–7]. White et al. [4]
employ a V-shape filament, in which the sample is
placed in a shallow groove. With this arrangement,
neutral atoms evaporated in the hot tungsten groove
have more opportunities to contact the walls of the
filament before leaving the immediate region of the
filament surface, and are ionized more efficiently. As a
result, both the V-shaped filament and the multiple
filament sources have improved the absolute efficiency
of ion production to some extent, relative to single
filament sources, especially for elements with high
ionization potentials. Rokop et al. [8] use a rhenium
filament with platinum electroplating on the surface to
increase the work function of the filament. To achieve
greater interaction between the analyte atoms and the
filament surface, the sample is sandwiched between
platinum layers. Although these methods improve the
performance of the filament-type ion sources some-
what, there is still little marked improvement in the
absolute ionization efficiency achieved by these meth-
ods. Typically, the reported values of ionization effi-
ciency (i.e., ions detected to atoms loaded or the degree
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of ionization of the analyte atoms) for filament-type
sources wander around 10% for the alkali metals, and
less than 1% for uranium, and even much lower for
refractory elements [1–8]. Other techniques used to
improve the sample utilization efficiency in filament-
type sources include improvements in ion transport [7],
and the uses of chemical ionization enhancement [9, 10].
A significant improvement in sample utilization ef-
ficiency can be obtained through the use of cavity-type
sources, which can provide orders of magnitude en-
hancement in ionization efficiency [11–15]. The first
cavity-type source was developed by Beyer et al. [11,
12] in the early 1970’s in the USSR, and by Johnson et al.
[13] at Lawrence Livermore National Laboratory. As
shown in Figure 1, in the cavity-type sources a refrac-
tory metal tube (or crucible) is used instead of a
filament to evaporate and ionize the samples. High
ionization temperatures are achieved by using high-
energy electron bombardment, generated by a heated
filament, to heat the crucible. As the sample evaporates,
inside the crucible, the gaseous atoms produced interact
with each other and with the inner wall of the cavity
chamber to produce ions. Compared with the filament-
type source, the interactions between the atoms and the
walls are greatly increased due to the high temperature,
the limited volume inside the crucible, and relatively
abundant surface area. Based on Kirchner’s calculations
[16, 17] on a 0.2 cm3 tungsten cylinder with an orifice of
0.7 mm i.d. operated at a temperature of about 2850 K,
atoms have about 700 wall collisions before escaping
through the exit hole. The high temperature achieved in
the cavity-type source also accounts for the efficiency
enhancement. Such high temperatures are difficult to
reach in a filament-type source. However, traditional
cavity-type sources are relatively complex in design
and fabrication, and are costly. These aspects inevitably
limit the applications of the cavity-type sources, and as
such, these traditional cavity-type sources have only
been used with large scale isotope separators [18–29].
Recently, we reported a design of a prototype ther-
mal ionization cavity-type source for mass spectrome-
try [30]. This source uses a thin tungsten rod with a
deep cavity that acts as a simple crucible for sample
loading and enhanced surface ionization. The crucible
is heated by high-energy electron bombardment from a
tantalum filament surrounding the crucible. Adjust-
ment of the electron emission current makes it possible
to control the energy and the power applied to the
crucible, and therefore, the ionization temperature. We
named this ion source a thermal ionization cavity (TIC).
The ionization efficiencies of some elements were mea-
sured using a high transmission isotope separator. One
to two orders of magnitude improvement in sample
utilization efficiency have been obtained with the TIC
source, compared to traditional filament-type sources.
Although the advantages of the prototype source were
obvious when compared with filament-type sources
and traditional cavity-type sources, sample loading and
positioning were awkward and problematic, and no
electron emission regulation was available, which lim-
ited the use of the prototype source.
More recent developments in our laboratories have
led to a series of modifications from the original TIC
source design. In this paper, we describe a modified
and improved TIC source design that overcomes the
major limitations of the previous prototype. A special
interface for the new TIC source and the quadrupole
mass spectrometer has been designed, built, and char-
acterized. We have also added electron emission regu-
lation to the power supply system. The performance of
the newly developed source is examined in this work.
Experimental
Instrumentation
The experimental setup used in this work is shown in
Figure 2. This system consists of three sections, an ion
source and its power supply, a quadrupole mass spec-
trometer, and a vacuum pumping system. A quadrupole
mass spectrometer system (QMG 420, Pfeiffer Vacuun,
Asslar, Germany) is used in this work. The system has
both faraday and ion counting detection capabilities.
Data collection and processing programs are based on
LabView (National Instruments, Austin, TX) software.
The typical experimental operating conditions are sum-
marized in Table 1, unless otherwise stated.
Power Supply and Electron Emission Regulation
In an attempt to control the ion beam current in the TIC
source, an electron beam power supply (Model 2684,
Bertan HV, Hicksville, NY) has been designed specifi-
cally for electron emission regulation of this ion source.
The electron beam power supply consists of two por-
tions, a 0 to 23 kV dc electron beam power supply and
a filament power supply that is electrically referenced
to the potential given by the beam power supply
output. The filament power supply is capable of deliv-
ering 0–10 A dc at 20 V maximum. With the high
voltage on, the filament power supply’s current is
automatically controlled (via a feedback loop) to main-
tain the desired electron beam current, measured as the
current drawn from the high voltage power supply.
Thus, the electron beam potential can be adjusted with
Figure 1. Schematic of the thermal ionization cavity (TIC) system.
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1 V resolution; and the electron beam current can be
regulated from 0 to 50.00 mA with 10 mA resolution.
Source Design and Interface
The current source is a modified version of our previous
design [30]. The new source consists of the source
chamber, a two-dimensional adjustable load-lock gim-
bal (MDC Vacuum Products PN 665300, Hayward, CA),
a vacuum gate valve, and a crucible insertion probe
designed in-house. The crucible is inserted into the
vacuum chamber through a vacuum loading lock made
from the gimbal and gate valve. With this arrangement,
it is possible to adjust the crucible position in three
dimensions, inside the shielding can, the gimbal pro-
vides two dimensions and the insertion probe’s depth into
the vacuum chamber the third dimension. The vacuum
interlock allows sample changeover without breaking the
vacuum system to the mass spectrometer. All parts of the
source, with the exception of insulators, gaskets, filaments,
and crucibles, are made of stainless steel.
The filament is made from 0.5 mm o.d. tantalum wire
into a 1.25 cm diameter coil in 1.5 turns. Tantalum is
used because of its electron emissivity properties. As
tantalum has a relatively low melting temperature (3269
K), the tantalum filament tends to become soft at very
high temperatures. Therefore, care is taken while in-
stalling the filament in the source. Both ends of the
filament are tightly fastened to stainless steel support
columns to keep the circular filament in position. The
diameter of the filament coil and position results from a
compromise between minimizing electrical shorts with
the shielding can and excessive sample loss.
The crucible is made from 1.59 cm tungsten rods cut
to a length of 7.62 cm. One end of the rod is electron
beam drilled to make an orifice of 0.5 mm i.d. and 1.25
cm deep. The crucible is mounted on a vacuum inser-
tion probe. The distance between the top of the shield-
ing can and the first ion lens is optimized to achieve
high ion throughput, as discussed later. A simple accel-
eration–deceleration ion-extraction lens has been used
for extracting ions from the source [31]. The electrical
field created by the shielding can and the crucible
accelerates ions out of the crucible. As quadrupole mass
spectrometers cannot tolerate ions with high kinetic
energies without significant loss of mass resolution, the
ions are usually decelerated to less than 50 eV before
entering the quadrupole by maintaining the entrance
lens to the quadrupole at or near ground potential. The
final ion energy is controlled by a 0–100 V dc power
supply attached to the crucible.
Sample Loading
Two sample-loading techniques are used for ion source
diagnostic studies and efficiency measurements. For
Figure 2. Diagram of the TIC source on a quadrupole mass spectrometer.
Table 1. Experimental and operating conditions for TIMS
Vacuum pressure (mbar) 1 3 1028
Extraction voltage (First ion lens)(V) 270
Second ion lens (V) 210
Ion accelerating voltage (V) 154
Bias voltage (V) 22500
Filament current (A) 0.0–10.0
Sample loading amount (solid) ;1 mg
(Solution) 100 pg–1 mg
Emission current used (mA) 0–40.0
Crucible size
Depth (cm) 1.25
Outside diameter (cm) 0.15
Inside diameter (cm) 0.05
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solid samples, such as rare earth oxides, the samples are
packed into the crucible by pressing the crucible into a
small container filled with the sample powder. Then the
sample inside the crucible is pressed with a thin tung-
sten wire. This sample loading technique is suitable for
sample amounts at the milligram level. For small sam-
ples (i.e., much less than a milligram) solutions are
prepared and used for sample loading. In this case, a
thin tungsten wire is used as a “carrier” to support the
solution droplet. A 1–10 mL volume of the solution with
an appropriate concentration is deposited on the wire.
Colloidal carbon is added to actinide samples to reduce
the formation of oxides. Rare earth elements loaded
from standard reference solutions in the nitrate form
evaporate easily in the ion source. Therefore 1 mL of
8.5% H3PO4 is added to these samples. After drying
under a heat lamp, the wire is cut, and placed deep
inside the crucible. The loaded crucible is then mounted
on the insertion probe, and inserted into the source for
degassing, at low temperature, to remove volatile con-
taminants.
Results and Discussion
The ion source presented in this work is a direct
miniaturization of similar but much larger ion sources
built for isotope separators. Thus, measurements pro-
gressed from elements commonly used on our isotope
separators to elements with more analytical chemistry
interest. The amounts of these elements used also
varied accordingly.
Stability of the Source
Long-term stability is an important factor for evaluating
the performance of the source. The stability of the
newly developed source was examined with a 500 mg
europium sample. After carefully degassing and bak-
ing, the europium beam current was continuously mon-
itored with the Faraday detector at an ion signal of 1029
A. The signal was integrated in 10-s periods. Under
these experimental conditions, the source is stable for
several hundred hours. During this process, we have to
occasionally increase the emission current to keep a
steady output of the ion beam, especially when the
sample is near to depletion. Computer control of the ion
beam intensity will be programmed in the near future.
The results indicate that the maximum deviation range
in the ion intensity is less than 0.5% and, in most cases,
over a 3-h-period measurement, the relative standard
deviation is below 0.1%. Our previous work [30] has
shown that this type of stability can generate high
precision in isotopic measurements, even with the use
of a quadrupole mass spectrometer.
Crucible Lifetime
During the electron bombardment process, tungsten
from the crucible is sputtered by the high-energy elec-
trons and evaporated by the high temperatures. A
significant loss of tungsten from the crucible is observed
after a long bombardment time. Figure 3 shows a
photograph of a typical crucible after 800 h of use (top),
whereas the bottom crucible is unused. It is obvious
that the electron bombardment process turns the tung-
sten crucible tip from a cylinder into a cone shape. The
symmetrical cone shape of the crucible tip demonstrates
that the crucible is well centered during the installation
and operating process. Figure 4 shows two tantalum
filaments before and after use. As can be seen on the
right filament, sputtered tungsten from the crucible
deposits on the surface of the filament, which makes the
filament surface shiny. The addition of tungsten to the
tantalum filament surface causes the emissivity proper-
ties of the filament to change, therefore the electron
emission current needs to be regulated in order to keep
a steady crucible temperature and a stable ion beam
current.
The crucible sputtering rate has been estimated by
weighing before and after electron bombardment. The
representative sputtering rate for tungsten crucibles is
about 50 mg/h. As many factors may influence the
crucible sputtering rate, such as crucible position, elec-
Figure 3. Tungsten crucibles used as thermal ionization cavities.
The top crucible has been used for approximately 800 h whereas
the bottom one is new.
Figure 4. Tantalum filaments used in the thermal ionization
cavity, new (left) and used (right).
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tron emission current, and the filament’s circular diam-
eter, the value for sputtering rate obtained here is only
an estimate. Considering the crucible weight is approx-
imately 2.6 g, the average relative tungsten loss is 2 3
1023%/h and much higher at the tip.
Diagnostic Study of the New Source
One of the most significant improvements in the new
source design is its flexibility. A translational stage
allows for three-dimensional adjustment of the crucible
position. Not surprisingly, we found that the crucible
position is one of the most important parameters affect-
ing signal intensity and system performance. For exam-
ple, a slight deviation of crucible position from center
may result in an exponential loss of signal intensity.
Furthermore, the sampling distance, defined as the
distance from the front tip of the crucible to the exit hole
of the shielding can, was also found to be crucial in
performance. In this study, two elements, europium
and uranium, were chosen. Although different electron
emission currents are usually required for ionization of
different elements of interest, the maximum signal
intensity is obtained at a sampling distance of 2.0 mm
for both europium and uranium (Figure 5). This graph
shows that these very different elements have very
similar behavior in the ion source when the ion signals
are normalized. In other words, any mass discrimina-
tion in the focusing of the ion source optics is not
measurable in the probe position, if it exists. Based on
these results, we have selected a sampling distance of
about 2.0 mm for all examined elements. This minimum
sampling distance must also be maintained to avoid
dangerous, arcs in this region, from high electrical
fields.
The Mass Spectrum
A typical mass spectrum for a europium oxide (Eu2O3)
sample is shown in Figure 6. The background consists
of some Na1 and K1 ions most likely from handling the
source and the materials themselves. On initial warmup
these ions are quite prevalent in the spectrum but they
tend to decrease as the temperature is increased, most
likely from evaporation of these elements from the
surfaces. It is also evident from this spectrum that this
ion source creates principally singly charged ions of Eu.
The doubly charged and oxide ions account for less
than 1% of the Eu1 signal. The spectrum also shows a
small amount of O1 ions.
Ionization Efficiency Measurements
In some cases, ionization efficiency measurements for
these types of sources have been performed with a
large-scale isotope separator [11–14, 30]. Indeed, the
isotope separator has significant benefits for efficiency
measurement because it provides nearly 100% ion
transmission. However, these instruments are usually
very large and expensive and are not readily available
in conventional mass spectrometry labs. As quadrupole
mass spectrometers are more popular and readily avail-
able in both industrial and research laboratories, we
also used a quadrupole mass spectrometer for ioniza-
tion efficiency measurements. The resolution of the
quadrupole mass spectrometer plays an important role
in influencing peak shape and ion transmission. There-
fore for ionization efficiency measurements the quad-
rupole was tuned as a high pass mass filter, i.e., with
very low or no dc component on the quadrupole rods.
Figure 7 gives a typical spectrum for europium at m/z 5
151 and 153 at normal resolution (DM > 1) and as a
high pass mass filter. The best ion transmission ob-
tained through the quadrupole is obtained using the
quadrupole in the latter fashion. The Faraday detector
was used for these measurements.
Sample amounts varied from 100 pg (237Np and
239Pu) to 1 mg depending on the individual elements
and for comparison purposes. Initially, we used solid
powder rare earth samples in amounts of about ;1 mg
or so. Even though we set the ion beam output as high
Figure 5. Intensity of analyte signal for Eu and U in relation to
the sampling distance between the end of the crucible and the exit
of the shielding can.
Figure 6. Thermal ionization cavity mass spectrum of europium
oxide sample.
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as 1027 A level, it takes a few weeks to complete a single
measurement, by completely evaporating the sample.
To reduce the time used for efficiency measurements
and to increase measurement accuracy, lower sample
amounts were used for subsequent measurements. For
example, a 1 mg solution sample was used for uranium
measurements. For uranium, two different types of
measurements were carried out. As indicated in our
previous study [30], the uranium samples, either in
solid oxide or aqueous solutions, usually give much
higher peaks in oxide forms at mass numbers of 254 and
251, rather than in metal forms. Conversion from the
oxide form to the metal form can be realized by using
graphite, which creates a significant reducing environ-
ment during the sample evaporation process in the
crucible. For the oxide form (without graphite added),
the ionization efficiency for uranium is usually below
4%. However, with graphite added, the ionization effi-
ciency for uranium can be increased by a factor of 2. The
efficiency values obtained with our quadrupole system
are summarized in Table 2. As can be seen, the quad-
rupole efficiency values agree quite well with those
obtained on an isotope separator [30]. This indicates
that: (1) setting the quadrupole at low resolution gives
accurate efficiency measurements; and (2) the miniatur-
ized ion source design does not compromise the ioniza-
tion efficiency.
Ionization Mechanism
The mechanism of surface ionization has been well docu-
mented in the literature [16–20]. The ionization efficiency
in a hot cavity is highly correlated with the work function
of the cavity surface, source temperature, and number of
collisions between the atoms and the hot cavity wall, the
vapor pressure of all species in the cavity, and the first
ionization potential of the analyte. In isotope separators
the cavities are traditionally operated at maximum tem-
perature, i.e., 2500–3000 K. At these temperatures the
cavity material contributes to the internal pressure (atom
and ion density) in the cavity, and the thermionic emission
of electrons from the cavity surface is significant. The
plasma in the cavity is quasineutral and a negative
sheath potential is created. This potential enhances the
probability of an ion created at the cavity surface to be
extracted into the plasma volume inside the cavity.
In the experiments described in this paper the cavity
temperature is raised (by increasing the electron emis-
sion current) to that needed to produce an abundant ion
signal (1–100 nA). Even though this instrument is not
equipped with a pyrometer, it can be safely stated that
the temperatures for most of the elements studied was
with high probability less than 2000 K, with each
element observed at a very particular electron emission
range. Experiments with thermal ionization filaments
indicate that temperatures above 2000 K would show
significant amounts of tungsten ions, this is not seen
when using the TIC source for the elements studied in
this work, except when analyzing thorium or zirco-
nium. Under these conditions production of thermionic
electrons from the cavity surface is negligible. That is,
the main contribution to electrons, ions, and neutrals in
the cavity is due to analyte and impurities. This plasma
needs to be considered neutral, and the ionization
efficiency will be determined by surface ionization (b),
the number of collisions with the surface (k), and the
probability of extraction of an intact ion from the cavity
(v) [30]. The surface ionization (b) is described by the
Langmuir equation [17]. Because a pyrometer was not
available for these experiments the absolute value of b
could not be determined. But it is safe to state that for all
of the elements in this study the surface ionization
efficiency is likely to be less than 1%; this can be
Figure 7. Thermal ionization cavity signal for europium isotopes
at nominal mass resolution (A) and at low resolution (as a high
mass pass filter) (B) for efficiency measurements.
Table 2. Experimental results for efficiency measurement
Element Form Mass loaded Efficiency (single measurements)
Eu Eu2O3 500 mg 72.5%
Eu Eu (NO3 solution) 1 mg 79.4%
Sm Sm2O3 400 mg 50.0%, 52.4%
Dy Dy2O3 400 mg 33.3%, 37.3%
Nd Nd2O3 200 mg 15.3%, 20.4%
Lu Lu2O3 150 mg 12.7%
U U (NO3 solution) 1 mg 8.5%
U U (NO3 solution) 1 mg 3.34%, 3.83% (no graphite added)
Pu Pu (NO3 solution) 100 pg 7.6%, 8.3%
Np Np (NO3 solution) 100 pg 3.8%, 3.9%, 4.2%
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calculated using traditional thermal ionization working
temperatures. The number of collisions with the cavity
surface is dependent on the ratio of the inner surface of
the cavity (0.3 cm2) to the area of the orifice (0.002 cm2)
and the atom density and pressure inside the cavity.
Because the ratio of the cavity surface area to orifice
area is fixed, the atom density and pressure will be the
main contributors to enhanced ionization in the cavity.
Both the density and pressure in the cavity are directly
related to the temperature at which the experiment is
carried out. Thus, it is not at all surprising that a plot of
first ionization potential versus measured ionization
efficiency does not give any meaningful correlation (see
Figure 8). On the other hand, a plot of the temperature
that is required to achieve a particular pressure of
analyte in the source versus ionization efficiency gives a
very strong correlation. In Figure 9 the measured ion-
ization efficiency is plotted against the inverse of the
temperature at which an analyte would exhibit 1024
torr partial pressure. The strong linearity in this rela-
tionship gives credence to the multiple surface colli-
sion-induced ionization enhancement in this cavity.
There are additional concerns that need to be ad-
dressed in formulating the ionization mechanism for
the cavity used in these experiments. Inspection of the
spectrum in Figure 6 shows that the Eu21/Eu1 ratio is
approximately 0.01. Furthermore there is a clear pres-
ence of O1 ions. Both Eu21 and O1 species in this
abundance cannot be explained by thermal surface
ionization alone. It is quite possible that significant
electron impact ionization reactions are occurring in-
side the cavity. More likely these species are being
created in the immediate region outside the cavity
orifice opening. This is a region of very high electrical
fields and slightly positive in potential with respect to
the cavity (due to the positive ion beam extraction). It is
conceivable that high energy electrons from the emis-
sion filament are being attracted to this region causing
additional ionization and formation of these species by
electron impact.
Conclusion
The advantages of the new source described here in-
clude high efficiency, low complexity, and simple sam-
ple loading. The ion optical interface designed for
coupling the ion source to the quadrupole mass spec-
trometer is very efficient, as shown by comparative
results with an isotope separator. A crucible sputtering
rate of about 50 mg/h has been obtained. Diagnostic
studies of the new source identify that the crucible
position is a crucial parameter for system performance.
Finally, experimental results demonstrate that the va-
por pressure of the analytes has a dominating influence
on ionization efficiency in the TIC source. Further
experiments that measure the temperature and species
density in the cavity will be necessary to discern the
particular mechanism for ionization in the TIC source
described in these experiments. Future work will also
include the study of this source on different types of
mass spectrometers, the study of mass fractionation for
this source, and the sensitivity and background of this
source for very small sample sizes. As we learn more
about the physical characteristics of this source we will
be better able to predict its performance and extend the
range of applicable analytes.
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